Abstract. We provide an atmospheric aerosol characterization for North Africa, Northeastern Atlantic, Mediterranean and Middle East based on the analysis of quality-assured direct-sun observations of 39 stations of the AErosol RObotic NETwork (AERONET) which include at least an annual cycle within the 1994-2007 period. We extensively test and apply the recently introduced graphical method of Gobbi and co-authors to track and discriminate different aerosol types and quantify the contribution of mineral dust. The method relies on the combined analysis of theÅngström exponent (α) and its spectral curvature δα. Plotting data in these coordinates allows to infer aerosol fine mode radius (R f ) and fractional contribution (η) to total Aerosol Optical Depth (AOD) and separate AOD growth due to fine-mode aerosol humidification and/or coagulation from AOD growth due to the increase in coarse particles or cloud contamination. Our results confirm the robustness of this graphical method. Large mineral dust is found to be the most important constituent in Northern Africa and Middle East. Under specific meteorological conditions, its transport to Southern Europe is observed from spring to autumn and decreasing with latitude. We observe "pure Saharan dust" conditions to show AOD>0.7 (ranging up to 5), α<0.3 and δα<0 corresponding to η<40% and R f ∼0.13 µm. Small pollution particles are abundant in sites close to urban and industrial areas of Correspondence to: S. Basart (sara.basart@bsc.es) Continental and Eastern Europe and Middle East, as well as, important contributions of biomass burning are observed in the sub-Sahel region in winter. These small aerosols are associated to AOD<1, α>1.5 and δα∼−0.2 corresponding to η>70% and R f ∼0.13 µm. Here, dust mixed with fine pollution aerosols shifts the observations to the region α<0.75, in which the fine mode contribution is less than 40%.
Introduction
Aerosols frequently exhibit widely varying optical properties over time due to diffusion and aging processes such as coagulation, humidification, scavenging by precipitation and gas to particle phase conversion (Schuster et al., 2006) . These processes, combined with varying source strength and/or advection by local to synoptic meteorological processes, create a dynamic atmospheric constituent affecting climate, environment and public health (IPCC, 2007) .
Ground-based aerosol remote sensing does not provide global coverage; however, its numerous spectral measurements of solar radiation are well suited to reliably and continuously derive aerosol optical properties. In spite of high temporal and spatial aerosol variability, there are a rather limited number of general categories of aerosol types with distinctly different optical properties which are associated with different sources and emission mechanisms.
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Aerosol optical depth (AOD) at wavelength λ is the standard parameter measured by sunphotometers as those operating in AERONET (Holben et al., 1998) . The AOD spectral dependence is mainly driven by the scattering efficiency and can be expressed by means of the classicalÅngström's equation (AOD(λ)∼λ −α ) (Ångström, 1929) . In the solar spectrum, theÅngström exponent (α) is a good indicator of the dominant size of the atmospheric particles. AOD generated mainly by submicron particles are characterized by α>1 whereas supermicron aerosols would lead to α<1. As shown in numerous studies (e.g. Eck et al., 1999; Reid et al., 1999; Holben et al., 2001; Dubovik et al., 2002; Smirnov et al., 2002a; Pace et al., 2006; Kaskaoutis et al., 2007) , the combined use of the AOD and α allows to distinguish between different aerosol types. As opposite to clean atmospheres (AOD<0.15) dominated by oceanic aerosols, high values of AOD are characteristic of turbid atmospheres affected by biomass burning, dust plumes or urban pollution (Dubovik et al., 2002) . Fluctuations of α reflect aerosol size distribution variations. The maximum value of α (equal to 4) corresponds to molecular extinction. Values near zero (or even negative) correspond to coarse-mode aerosols (sea spray and desert dust) indicating a non-AOD wavelength dependence, while values of α above 1.5 indicate significant presence of fine-mode particles (mainly smoke or urban aerosols). However, different aerosol types may be present in the air column at the same time, influencing the observed optical parameters (Chandra et al., 2004) and resulting into intermediate α values. Remer and Kaufman (1998) showed as well that relative humidity is a determining parameter for the size of aerosol particles. Hygroscopic growth at high relative humidities increases AOD (and reduces α), due to the enlargement of soluble particles such as sulphates (Levin et al., 1996) . Therefore, α alone does not provide unambiguous information on the relative weight of coarse and fine modes because the optical effects of aerosols are essentially bimodal in nature. In some cases, large fine mode particles can present the same α as a mixture of coarse mode and fine mode particles . Several studies have discussed how the spectral variation of α can provide additional information about the aerosol size distribution (e.g. Kaufman, 1993; Eck et al., 1999; Reid et al., 1999; O'neill et al., 2003; Schuster et al., 2006; Gobbi et al., 2007) . In this sense, Kaufman (1993) pointed-out that negative values of the difference δα=α (440,613)-α(613,1003) indicate the dominance of fine mode aerosols, while positive differences reflects the effect of two separate particle modes. Eck et al. (1999) showed how, in the wavelength range of 340-870 nm, α can increase by a factor of 3-5 as wavelength increases for biomass burning and urban aerosols, while remaining constant or decreasing in the presence of mineral dust. O'Neill et al. (2001) demonstrated that anÅngström exponent-based separation of coarse from fine mode contribution to AOD is feasible in part because of the coarse mode AOD spectral variation being approximately neutral. Schuster et al. (2006) addressed . Four primary types of lights were identified: human settlements -cities, towns, and villages (white), fires (red), gas flares (green), and heavily lit fishing boats (blue). The four types of lights were distinguished from each other based on their appearance, persistence and location. Fires were identified as ephemeral lights on land. Lights from human settlements occur on land and are persistent over time. Gas flares are extremely bright, have a circular appearance, and have no major city present when cross referenced against an atlas. The heavily lit fishing boats are collections of lights found in certain ocean areas and are primarily the result of squid fishing. Date range covers 1 January-31 December 2003. Data analysis and digital image creation by NOAA-NESDISNational Geophysical Data Center-Earth Observations Group Boulder, Colorado USA (http://www.ngdc.noaa.gov/dmsp). the link betweenÅngström exponent curvature and the ratio between fine and total aerosol volume. Recently, Gobbi et al. (2007) introduced a straight-forward graphical framework that allows to discriminate different aerosol types based on aerosol spectral measurements by sunphotometers which can be characterized by three independent pieces of information: AOD, α and the spectral curvature of α (δα). Plotting data in this space allow for inference of the aerosol fine mode size and fractional contribution to total AOD.
With the possible exception of sea-salt aerosol, mineral dust is globally the most abundant of all aerosol species in the atmosphere (IPCC, 2001) . The major sources of contemporary mineral dust are found to be the desert regions of the Northern Hemisphere, in the broad "dust belt" that extends from the eastern subtropical Atlantic eastwards through the Sahara Desert to Arabia and Southwest Asia, S. Basart et al.: Aerosol characterization in Northern Africa, Northeastern Atlantic, Mediterranean Basin and Middle East 8267 with remarkably little large-scale dust activity outside this region (Prospero et al., 2002) . In the present work, we extensively test the new graphical method introduced by Gobbi et al. (2007) in order to analyze and quantify the contribution of mineral dust to the total aerosol load in Northern Africa, Northeastern Atlantic, Mediterranean Basin and Middle East. Other aerosol types also dominate the atmospheric aerosol load in this region: maritime aerosol, continuously formed over the Mediterranean Sea, the Persian Gulf or the North Atlantic Ocean; fine pollution aerosol mainly originating from urban and industrial areas of Central and Eastern Europe, Middle East and along Nile River (in white and green in Fig. 1) ; as well as, important contributions of biomass burning generated in Africa mainly in winter (in red in Fig. 1) .
This work provides a thorough overview of the aerosols present into our study region and how the aerosol properties are influenced by long-range transport and local sources. Data and methods are described in Sects. 2 and 3. Results are presented in Sect. 4 where we discuss about the main transport paths of desert dust from source areas and their seasonal behaviour, as well as, the variation of its optical properties through the year in each region of the study area.
Measurement data
Aerosol optical properties in the entire atmospheric column are routinely observed within the AERONET (AErosol RObotic NETwork, Holben et al., 1998) program. This is a federation of ground-based remote sensing aerosol networks established by NASA and LOA-PHOTONS (CNRS) and is greatly expanded by collaborators from national agencies, institutes, universities, individual scientists, and partners. The network consists of more than 500 globally distributed sun and sky-scanning automated radiometers. The standardized network procedures of instrument maintenance, calibration, cloud screening, and data processing allow for quantitative comparison of the aerosol data obtained at different times and locations (Holben et al., 1998; Smirnov et al., 2000) .
These instruments can only retrieve data during daytime, because they rely on extinction measurements of the direct and scattered solar radiation at several nominal wavelengths. (340, 380, 440, 500, 675, 870 and 1020 nm plus a 936 nm water vapour band). The instrument is out of operation for some weeks while necessary yearly calibration is carried out. Consequently the data coverage in a given station is typically limited to 100-250 days per year. The typical uncertainty in the AOD measured by AERONET instruments ranges from 0.01 to 0.02 and is spectrally dependent with higher errors in the UV spectral range (Holben et al., 1998; . This data is provided in three categories: 1) raw (level 1.0), 2) cloud-screened (level 1.5) following the methodology described by Smirnov et al. (2000) , and 3) cloudscreened and quality-assured (level 2.0). However, it is worth Fig. 2 . Spatial distribution of the 39 AERONET stations selected into our study domain. Acronyms are defined in Table 1. mentioning that some cases of variable aerosol plumes (like intense Saharan dust outbreaks in regions near the desert) could be screened by the cloud-screening algorithm. Conversely, stable uniform cirrus clouds might pass the algorithm thresholds and be identified as cloud free .
Since the goal of this paper is to obtain an aerosol characterization over a large region with standardized measurements, in the present work, quality-assured direct-sun data in the 440-870 nm wavelength range is used since these channels are highly accurate and they are available in most AERONET instruments. In order to achieve a good temporal coverage, only stations which provided data covering at least the 12 months of the yearly cycle within the 1994-2007 period were chosen. 
Aerosol classification
In this study we discriminate the fraction of AOD due to large mineral particles from other aerosol types, based on the graphical framework (Fig. 3 ) introduced in which allows to: 1) infer aerosol fine mode size and fractional contribution to the total AOD; and 2) separate AOD increases due to fine-mode aerosol humidification from AOD increases due to the increase in coarse particles. The method relies on the combined analysis of α derived for the wavelength pairs of 440-870 nm and its spectral curvature, represented by δα=α (440,675)-α(675,870) . For the definition of these coordinates (δα vs. α space or AdA coordinates), reference points corresponding to bimodal size distributions characterized by a fine mode modal radii (R f ; solid . The black solid lines are each for a fixed size of the fine mode R f and the dashed blue lines for a fixed fraction contribution η of the fine mode to the AOD at 675 nm. Split squares represent the effects of a cloud contamination of 0, 50, 90 and 99% in the AOD of two grid points initially (0% contamination) located at: 1) η = 70%, R f = 0.15 µm (bright green line) and 2) η = 90%, R f = 0.1 µm (turquoise line). This contamination results in a departure from the original grid points along the constant R f lines and towards the origin. Conversely, hydration of the aerosol fine mode (two starting conditions simulated: 1) η = 50%, R f = 0.1 µm (brown diamonds), and 2) η = 70%, R f = 0.15 µm (orange circles)) is accompanied by a movement towards the origin along the opposite direction, with concurrent increase in R f and η.
black lines in Fig. 3 ) as well as the ratio of fine mode to total AOD (η; dashed blue lines in Fig. 3 ) have been determined on the basis of typical refractive index of urban/industrial aerosol (m = 1.4-0.001i). Varying coarse mode modal radii have been considered and shown to have a minor impact on such reference points. The level of indetermination of this classification scheme is of the order of 25% for R f and ∼10% for η for refractive index varying between m = 1.33-0.0i and m = 1.53-0.003i. Within this level of indetermination, the scheme is robust enough to provide an operational classification of the aerosol properties.
In this space, we represent AOD (at 675nm) by a colour scale. In order to avoid errors larger than ∼30% in the calculation of δα, only AOD>0.15 are considered. Both aging and humidification of pollution aerosol, and cloud contamination could decrease α. However, these processes behave quite differently in the AdA coordinates, as shown in Fig. 3 . Cloud contamination is associated to concurrent increase in AOD and coarse mode fraction taking place along constant R f curves (bright green and turquoise lines), while hydration leads to a growth in both R f and η (brown diamonds and orange circles). In general, growth of AOD along R f lines means an increase in coarse particle extinction. If cloud screening is efficient, only dust particles or maritime aerosols can cause AOD growth along R f curves.
Recently, O'Neill (2009) showed that these families of contour lines in the AdA space are essentially discretized illustrations of analytical parabolic forms in the space formed by the continuously differentiableÅngström exponent (α) and its spectral derivative (α'). As shown in O' Neill et al. (2003) , these variables permit the spectral discrimination of coarse and fine mode optical depth from the spectral shape of AOD by means of a spectral algorithm . The O'Neill fine mode AOD products obtained from direct sun measurements are available in the AERONET website for the Level 1.0 and Level 1.5 data.
In order to check the confidence of η retrieved with the graphical method used in the present work with respect to other inversion algorithms, we performed a comparison against O'Neill fine mode algorithm (O'Neill et al., 2003) products and Dubovik's sky-radiance fine mode inversion products Kinne et al., 2009 ) of AERONET. Daily η averages over one year (2004) for several stations included into our study domain were plotted in the AdA space used in our analysis (see Fig. 4 ). Results show good coincidence among the three methods in the coarse particle detection (η<40%; see AGO site in Fig. 4 ) as well at high η values (see ERD site in Fig. 4 ). Although in some "mixed" stations such as LAM (see LAM site in Fig. 4 ), some discrepancies appear in η values, the differences are always <20%. These discrepancies are partly due to differences between the measurement frequencies of each dataset (i.e. less frequent sky radiances inversions with respect to direct-sun measurements) (Holben et al., 1998; . As expected, the comparison shows a better agreement of the Gobbi's graphical method with O'Neill η values (see top panels in Fig. 4 ) since the outputs of the Gobbi's graphical method are a subset of the products retrieved from the O'Neill algorithm (O'Neill et al., 2009) . Somewhat larger discrepancies observed with respect to the Dubovik's sky-radiance inversion products (see bottom panels in Fig. 4 ) are likely due to the current Dubovik inversion output which is equivalent to what the community refers to as sub-micron fraction as opposed to the spectral deconvolution algorithm output . Table 1 . Description of the selected AERONET stations. Class of location which are defined as stations: above 1000 m (H), in arid and desert areas (D), in the ocean (O), in remote and urban areas (R/U) and in littoral areas (C); first and last measurement date, the number of total measurements (Dataset), the number of days (N) and months (Mo.) in the observation periods as well as the percentage of cloud screened data (C) and the percentage of observations with AOD<0.15 with respect to the total number of measurements (B) 
Results and discussion
The classification scheme is applied to the 39 AERONET stations considered in this study. Results for fifteen representative locations are reported in Fig. 5 Table 2 . Figure 6 includes the mean seasonal AOD, α and δα for all available measurements with AOD>0.15. Since the emphasis of the study is on coarse-mode mineral particles, the bias introduced by the AOD>0.15 filter is not expected to be so important. In fact, AODs associated to dust conditions are usually higher (Dubovik et al., 2002) . In Table 1 , the percentage of measurements associated to AOD<0.15 is shown. The larger percentages (>60%) are found in stations located in the Eastern Sub-Tropical North Atlantic, Iberian Peninsula and around the Mediterranean Basin where the presence of coarse-mode mineral dust is sporadic and maritime aerosols are the main aerosol constituent. Figure 7 and Table 2 refer to the coarseparticle fraction of the data which includes all data with AOD>0.15 and α<0.75. As we show along the present section, pure coarse aerosols in the AdA space are always observed in the region α<0.75 in which the fine mode contribution is always <40%. Figure 7 depicts the seasonal fraction of the number of coarse mode measurements (with AOD>0.15 and α<0.75) with respect to total number of measurements with AOD>0.15. Table 2 shows the mean seasonal contribution to AOD, and α and δα average of the coarse mode data (with AOD>0.15 and α<0.75). As shown in the literature (e.g. Kaufman, 1993) , strong negative values of δα (between −0.5 and −0.2) indicate dominance of fine mode aerosols. We have found that under the dominance of coarse mode aerosols, such as desert dust, δα tends to be negative or slightly positive (between −0.3 and 0.1). In this respect, it is the value of α that allows to define which is the dominating fraction.
Sahara-Sahel
There are relatively few measurements at Sahelian sites (AGO, BAN, CIN, DAK, OUA, DJO, and ILO) during summer when maximum rainfall and cloud cover occur. A larger number of measurements are observed in the winter or dry season. These stations located southward of Saharan sources show large variations of AOD and high extinctions (∼85% of the AOD values are above 0.15 with AOD maxima >4); α is almost inversely-proportional to AOD, and δα is negative or slightly positive (ranging between −0.3 and 0.1, e.g. BAN in Fig. 5 ) which indicates that AOD increases are often related to an increase in particle size due to desert dust outbreaks or local dust resuspension. High extinction values (AOD>1) are related to large particles with α<0.3 and δα<0 that corresponds to η<40% and R f ∼0.3 µm which are assumed to be typical of pure desert dust conditions. As shown in Fig. 7 , the proportion of large particles (AOD>0.15 and α<0.75) is high during the whole year (>50%), especially in spring (when coarse aerosols represent more than 85% of the data) and summer. Dust transport downwind from source regions varies seasonally. This transport is driven by the latitudinal shift of the Intertropical Front which corresponds to the convergence zone between the northern winds, called the Harmattan, and the monsoon winds coming from the South. From late February to early May the Harmattan wind index is maximum (Sultan et al., 2005) . Notice that DJO and ILO show the highest frequency of coarse fractions in spring (Fig. 7) .
On the other hand, these stations clearly detected a second aerosol type (i.e. see ILO in Fig. 5 ) contributing to the turbidity (AOD up to 1.5) with high α values (∼1.5) and negative δα (<−0.2) that corresponds to η∼70% and R f ∼0.13 µm. As shown in Fig. 6 , ILO and DJO stations present larger contributions of fine aerosols (especially in late autumn-winter) than the rest of sites in this region. This is due to the wellknown presence of fine biomass burning aerosols originating from the sub-Sahel zone (Ogunjobi et al., 2008) . The Savannah vegetation is characteristic of the Sudanian zone where fire activities are important during winter. During this season, the interaction of mineral dust and biomass burning aerosols is at its maximum over the region. Thus, all sites present a similar behaviour in the AdA space, associated to R f constant values (∼0.15 µm) and η variying between 40 and 70% (see BAN and ILO in Fig. 5 ). Furthermore, as shown in Fig. 6 , all sites present the lowest AOD values in summer and autumn (coinciding with maximum rainfall and cloud cover). Particularly in ILO and DJO, we observe a decrease in α values and an increase of δα values (∼0.10) which indicates the interaction of two separate particle modes. This is due to the presence of fine aerosols originating from anthropogenic activities along the Nigeria coast (Fig. 1) .
At higher latitudes, DAH and SAA present relatively few measurements during winter, the period of maximum rainfall and cloud cover. They show an important coarse fraction during the whole year (Fig. 7) which is associated to large mineral particles with α<0.6 and δα slightly negative that corresponds to η<50% and AOD maxima <2 (Fig. 5) . As shown in Fig. 7 , maximum dust contributions are observed in summertime when the Intertropical Front is found in its northernmost position.
In addition to large mineral particles, SAA (Fig. 5 ) presents a small fraction of fine aerosols (α∼1.4 and δα∼−0.5) related to low AODs (<0.2) which corresponds to η∼70% and R f ∼0.13 µm associated to pollution aerosols from local and regional activities. Thus, SAA shows positive δα values (especially in winter) due to the presence of different aerosol modes (e.g. maritime, desert dust and fine pollution aerosols) except in summertime (Fig. 6 ) when enhanced Saharan dust activity and favourable transport conditions to this area occur (Middleton and Goudie, 2001 ).
Eastern Tropical North Atlantic
CVR is located approximately 600km NW of DAK, in the outflow of Saharan dust from West Africa. In spite of its coastal location CVR (Fig. 5 ) presents a similar behaviour to the continental station DAK, characterized by a large coarse fraction (Fig. 7) associated to η<50% and AOD maxima <3. High aerosol loading from spring to autumn (Fig. 6) , associated to low α values and high extinctions, indicates that mineral dust dominates the aerosol regime, due to frequent Saharan dust outbreaks. The situation is more complex in wintertime when the aerosol loading is lower. In this period, the contribution of sea salt and small particles is significant. As shown in Fig. 5 , such fine particles conditions associated to a η∼70% change to higher coarse fractions along R f constant curves (∼0.15 µm). Chemical analysis from samples taken at ground level, and air mass trajectory analysis (Chiapello et al., 1999) explain such fine aerosols as sulfates transported from urban and industrial regions in Southern Europe and/or Northwestern Africa, and biomass burning from Savannah fires, as well as, the contributions of local anthropogenic sources.
Eastern Sub-Tropical North Atlantic
Roughly 100 km west of the Moroccan coast, in the Canary Islands, we find SCO (at sea level) and IZO (2370 m a.s.l.) sites. Quasi-permanent subsidence conditions in the free troposphere together with frequent trade winds flow in the lowest troposphere resulting in a strong and stable temperature inversion (located at 1400 m a.s.l. on average) that separates a dry free troposphere from a relatively fresh and humid oceanic boundary layer . The proximity to the Sahara desert and the regional atmospheric circulation exert a decisive influence on the dust climatology of this region (Viana et al., 2002; Querol et al., 2004; Alonso-Pérez et al., 2007) . Although these sites are situated very close to each other, they present a very different behaviour (SCO is located at ∼50 m a.s.l. within the oceanic boundary layer, whereas IZO is located at ∼2370 m a.s.l, normally under free troposphere conditions).
Thus, the background conditions at IZO are associated to low AOD values (∼85% of its AOD values are under 0.15, e.g. Table 1 ). As shown in Fig. 5 , AODs above 0.15 are associated to large particles with α<0.25 and δα∼0 that correspond to η<30% (Fig. 5) , i.e. values similar to the ones observed at sub-Sahelian sites. In winter, AOD>0.15 represents <1% of the recorded data while in summer AOD>0.15 represents ∼50% of them. This shows an enhancement of Saharan dust transport at this site during summer, in agreement with Prospero et al. (1995) .
SCO is located in the city centre of Santa Cruz de Tenerife in the vicinity of the city harbour. This site presents a large coarse fraction associated to η<70% and AOD maxima <1.5. High aerosol loading from spring to autumn (Fig. 6 ), associated to low α values and high extinctions, indicates that mineral dust dominates the aerosol regime, due to frequent Saharan dust outbreaks. The predominance of the trade winds (NE) in the oceanic boundary layer plays a key role in the atmospheric dynamics of this site. It favours the dispersion of pollutants from local urban and industrial activities over the ocean together with the occasional transport of European polluted air masses to this region (Viana et al., 2002) . Consequently, the proportion of fine anthropogenic aerosols at SCO is lower than those in regions with similar urban and industrial development in continental environments (Rodríguez and Guerra, 2001; Rodríguez et al., 2008) . In general, this fine fraction of pollution aerosols appears well-mixed with coarse mode aerosols like maritime particles (∼50% of its AOD>0.15 are associated to δα>0). Thus, as shown in Fig. 7 , the coarse fraction of this urban site remains very high during all the year.
Long-range dust transport above the trade wind inversion layer at IZO is observed from early summer to early-autumn. Low level dust intrusions are detected at SCO mainly in winter (from January to March) and in autumn, in agreement with the previous studies in this North Atlantic region (e.g. Torres et al., 2002; Viana et al., 2002; Alonso-Pérez et al., 2007) .
Iberian peninsula
At higher latitudes, we find the Iberian Peninsula. The origin of the air masses arriving to this region is driven by the Azores high pressure system which intensifies during the warm season inducing very weak pressure gradient conditions all over the region (Martin-Vide, 1984) . This favours the development of local thermal circulations, such as coastal and mountain breezes. EVO, ROC, ARE, GRA and PAL sites in the Iberian Peninsula show a frequent background situation associated to low AOD values (∼70% of its AOD values are lower than 0.15, see Table 1 ). High extinctions (AOD>1) are associated to large particles with α<0.6 and δα∼0 that correspond to η<30% with a marked South-toNorth gradient with AODs maxima <2 in ARE (Fig. 5) and <1 in ROC and PAL. These large particles are linked to frequent African dust plumes affecting this area mainly in early-spring and summer AladosArboledas et al., 2003; Silva et al., 2003; Querol et al., 2004; Lyamani et al., 2005; Elias et al., 2006; Toledano et al., 2007; Wagner et al., 2009) .
All these sites show a second cluster (see ARE in Fig. 5 ) associated to α>1.5 and δα<−0.2. These values correspond to η∼80% and R f ∼0.13 µm related to polluted and continental air masses Querol et al., 2004; Toledano et al., 2007) . In fact, local pollution episodes (mainly in late autumn and winter) as well as emissions from Central and Eastern Europe (Querol et al., 2004) and sometimes as far as the Eastern Coast of North America (Alados-Arboledas et al., 2008) are potential sources of fine aerosol in this region. The one-mode fine aerosol (δα<0.1 and α>1.2) observed at ARE throughout the year are probably due to its proximity to a large industrial area (Toledano et al., 2007) .
In summertime, under high isolation and low humidity conditions, fine biomass burning aerosols from fires in the Iberian Peninsula and Southern France (Belo, 2004; Elias et al., 2006) can be detected. AODs during these polluteion events (0.15<AOD<0.7) are lower than those recorded during African dust outbreaks but clearly higher than those observed during background Atlantic advection conditions. This fine particle cluster grows following the constant R f curves (∼0.13 µm) due to the presence of coarse particle (likely maritime aerosols). Additionally, in winter (under stagnant conditions), a growth of AOD along constant η lines (∼85%), linked to both coagulation-aging and hydration, is observed.
Although African dust outbreaks over the Iberian Peninsula can occur throughout the year, its contribution to AOD is more important in spring (Fig. 7) . In this season, coarse cluster normally appears well-mixed with other types of small particles as indicated by positive δα values (∼0.20). Additionally, it is remarkable the seasonal differences (Fig. 6) between the sites located in south-western part of the Peninsula (ARE, ROC and EVO) and south-eastern (GRA) indicating different transport patterns in both areas.
Mediterranean basin
The Mediterranean basin is characterized by cold winters and hot summers. The stable anticyclonic weather conditions permits continuous measurements over long periods, especially in summer.
Western Mediterranean
The stations located in the Northwestern Mediterranean coast are close to numerous industrial and urban sources of primary pollutants. AVI (Fig. 5) , TUL, CAR, VIL and BCN sites present an important fine particle cluster in the AdA space (α>1.6 and δα<−0.3) associated to η∼80% and R f ∼0.12 µm. In fact, over 70% of their datasets are associated to this fine particle cluster (Fig. 7) which correspond to moderate extinctions (AOD<0.7). AOD growth is linked to both coagulation-aging and hydration increase of R f . At the same time coarse particles, likely maritime aerosols, superimpose their signal onto this fine mode. As shown in Fig. 5 , a concurrent increase in AOD and coarse mode fraction along the R f curves (∼0.12 µm) is observed. Conversely, highest extinctions (AOD maxima >1) are related to large particles (α<0.7) that corresponds to η<40%. This coarse particle cluster is associated to large dust aerosols from North African deserts. As shown in Table 2 , coarse fraction exhibits positive δα values throughout the year which indicates the presence of small particles mixed with this coarse mode.
The Northwestern Mediterranean coast is characterized by a high frequency of sea breeze conditions, which are intensified by topography. Under weak pressure gradients, coastal and nearby mountain breeze regime predominates favouring the development of polluted atmospheric layers at several heights (Pérez et al., 2004; Jimenez et al., 2006) . Thus, Saharan dust is found at high altitudes, while fine pollution aerosols are concentrated at lower altitudes (e.g. Pérez et al., 2004) . By late summer-early autumn, North African highs, located at surface level, and Atlantic depressions west of Portugal, favour air mass transport at low levels from the Western Sahara, Mauritania and the Sahel to the Northwestern Mediterranean (Moulin et al., 1998; Escudero et al., 2005) . These meteorological conditions are typically associated to the presence of rain resulting in the well-known "red rains" (Ávila et al., 1998) . Thus, most of the Saharan intrusions during these rainy periods have not been recorded into our dataset because AERONET instruments do not operate during rain events.
Central Mediterranean
At southern latitudes, ORI, on the west coast of Sardinia, and BLI, in the Algerian coast, exhibit high extinctions (AOD>0.7) in the coarse fraction. This is caused by frequent North African dust advections. Both sites (included in Fig. 5 ) present highest extinctions (AOD>1) in the coarse mode (α<0.4 and δα∼0) that corresponds to η<30%. Additionally to this coarse cluster, we detect in the AdA space a small fraction of fine aerosols (α∼1.6 and δα∼−0.5) possibly from local anthropogenic sources and European pollution which is most important at the ORI site. This fine cluster is related to low extinctions (AOD<0.3) and η>70%. A simultaneous growth of AOD and coarse fraction (indicated by a decrease of α) along constant R f curves is associated to cloud contamination or to the presence of coarse particles (maritime and dust aerosols). At the same time, coarse particles (likely dust) superimpose their signal onto this fine mode particles.
As shown in Fig. 7 , the coarse fraction is most important in BLI than ORI during all year due to its proximity to African sources. Maxima contributions in spring and summer and minima in winter are observed, coinciding with the maximum and minimum incidence of Saharan dust transport, respectively, in this part of the Mediterranean basin . Note the similarities in Figs. 6 and 7 between BLI and GRA (in the Iberian Peninsula) indicating common African dust sources and pathways at both locations.
At about 130 km east of the Tunisian coast, LAM (Fig. 5 ) shows an important cluster in the coarse mode in the AdA space (α<0.5 and δα∼0) associated to frequent Saharan dust outbreaks to this site (Pace et al., 2006 ) that corresponds to η<50%. This coarse contribution is high throughout the year (Fig. 7) and high extinctions (AOD>1 and ranging up to 2.5) are related to almost pure desert dust (η<30%, α<0.3 and δα∼0) as observed in Sub-Sahelian sites. Moreover, a second aerosol type (Fig. 5 ) with AOD<0.4 and α∼1.8 that corresponds to η∼90% and R f ∼0.14 µm is observed. A growth of AOD and coarse fraction is found along the constant R f curves due to the presence of coarse particles. In summertime, when wet removal is practically absent and photochemical reactions are favoured, the contribution of small pollution particles is maximum (Fig. 7) . They are related to longrange transport of urban and industrial aerosols from Western, Central and Eastern Europe as well as from biomass burning (Pace et al., 2006) . In winter, AOD>0.15 represents <7% of data and it is associated to dust events (Figs. 6 and  7) . In this season, the high contribution of aerosols associated to lower AOD values (<0.15) indicates contribution of maritime aerosols and a minimum incidence of long range transport.
Further north, in the Italian Peninsula, ROM (Fig. 5 ) and LEC sites show an important fine cluster in the AdA space (α>1.8 and δα∼−0.4) that corresponds to η∼80% and R f ∼0.12 µm. The fine mode at ROM is mainly due to secondary particles of local origin, and long range transport is a minor component . On the contrary, LEC presents a more important contribution of fine pollution aerosols transported from Central and Eastern Europe (Lelieveld et al., 2002) , and from the Atlantic Ocean (De Tomasi and Perrone, 2003) . LEC is also affected by fine particles originated by frequent summertime forest fires (Perrone et al., 2005) . At both sites, a simultaneous growth of AOD and coarse fraction (indicated by a decrease of α) along constant R f curves in the AdA space is associated to the presence of coarse particles (likely dust). In addition, in ROM (Fig. 5) , the extension of fine pollution particles to higher AOD occurs perpendicularly to the black line due to the presence of these large particles. Additionally, both sites, are impacted by Saharan dust with AOD>0.4 (with AOD maxima of 1.5) and α<0.75 that corresponds to η<30%. This coarse cluster is more important at LEC than at ROM (Fig. 7) and it usually appears well-mixed with other small particles (Table 2) . Thus, ROM and LEC present different seasonal features (Fig. 6) . The high contribution of large size aerosols at LEC in winter (Figs. 6 and 7) is due to the lower contribution of long-range transported fine particles and a higher weather instability that does not favour the accumulation of fine particles. From spring to autumn, a decrease of α values (Fig. 6 ) is associated to an increase of the frequency of long-range transport of Saharan dust to southern and central Italy Gobbi, 2004, Gobbi et al., 2004; Mona et al., 2006) .
Eastern Mediterranean
In the Central-Eastern Mediterranean large particles are quasi inexistent at THE (Fig. 7) . This site is characterized by rather heavy pollution being strongly influenced by regional (Central and Eastern Europe) and local urban and industrial sources as well as by biomass burning that may also contribute sporadically from areas at the northern coast of the Black Sea (Gerasopoulos et al., 2003; Kazadzis et al., 2007) . As shown in Fig. 5 , high extinctions (AOD>0.7) mainly cluster in the fine mode (α∼1.8 and δα∼−0.3) that corresponds to η∼85% and R f ∼0.13 µm. This fine polluted cluster presents a growing AOD linked to both coagulation-aging (along constant η∼85%) and hydration-type increase along constant R f curves. Occasional events of long-range transport of desert dust are observed only in summer (Fig. 7) and commonly appear mixed with fine pollution aerosols (Fig. 5) . These desert dust events are associated to AODs between 0.7 and 1 as also suggested by Balis et al. (2006) .
In the Eastern Mediterranean, CRE, ERD, ZIO (Fig. 5 ), SED and CAI sites present high extinctions (AOD>1) associated to clustering in the coarse mode (α<0.75) in the AdA space. They are related to large mineral aerosols originated in desert dust source regions such as Anatolian plateau, Saharan and Negev deserts (Andreae et al., 2002; Kubilay et al., 2003; Derimian et al., 2006) corresponding to η<40%. As shown in Fig. 7 , maximum contribution of the coarse particles, associated to high extinctions, is observed in spring in this area. During this season, long-range Saharan dust transport and uplifted dust particles from surrounding deserts are very important (Kubilay et al., 2000; Kubilay et al., 2003; Barnaba and Gobbi, 2004) .
The aerosol climatology of CRE site is strongly determined by the maritime environment with high concentrations of sea-salt aerosols (>65% of its AOD is <0.15) which constitute the background conditions. The CRE data shows high AOD (>0.7), mainly clustering in the coarse mode (α<0.6 and δα∼0) that corresponds to η<30%. These large particles are related to long-range transport from Sahara, and, to a minor degree, from source regions in the eastern part of Mediterranean basin (such as Anatolian plateau, Saharan and Negev deserts) and Middle East (Dayan et al., 1991; Kubilay et al., 2000; Barnaba and Gobbi, 2004; Fotiadi et al., 2006) . As shown in Figs. 6 and 7, maxima contributions of this coarse mode are observed in winter and spring. In winter, AOD>0.15 represents <20% of data and it is associated to dust events (Figs. 6 and 7) . In this season, high contribution of aerosols associated to lower AOD values (<0.15) is a consequence of the background situation dominated by the presence of maritime aerosols (Fotiadi et al., 2006; Kalivitis et al., 2007; Gerasopoulos et al., 2007) . In spring, a decrease of δα values (∼0) in the coarse mode with respect to the rest of the year (Table 2) indicates an increase of longrange dust transport to this area. Contributions from urbanindustrial aerosol intrusions into the region from the Eastern Europe, Balkan area, and Anatolia are maxima in summer (Figs. 6 and 7) . This fine mode (α>1.5 and δα∼−0.2) is associated to low AODs (<0.4) and corresponds to η>70%. The growth to higher AODs and coarse fractions occurs perpendicularly to the constant R f line due to the coexistence of coarse aerosols (likely maritime) and small pollution particles. Therefore, it is a common situation that they appear well-mixed as indicated by positives values of δα throughout the year (Fig. 6) .
A second cluster in the fine mode region (α∼1.6 and δα∼−0.3), that corresponds to η∼70% and R f ∼0.14 µm, is observed. This fine mode is associated to pollution particles and it is especially remarkable at coastal sites of Turkey and Israel such as ERD and ZIO (Fig. 7) , where the urbanindustrial local emissions are significant. Most of the longrange transported aerosol in this region is attributed to Central and Eastern Europe, especially along the Israeli coast (Sciare et al., 2003; Fotiadi et al., 2006) , as well as to Southern Russia (Andreae et al., 2002; Derimian et al., 2006) with additional contributions from marine biogenic activities and forest fires in the region. This fine cluster presents an increase in AOD and coarse mode fraction along the constants R f curves (see ZIO in Fig. 5) . Moreover, the growth to higher AODs also occurs perpendicularly to the constant R f line (see ZIO in Fig. 5 ). This is due to the coexistence of mineral dust and fine pollution aerosols. Additionally, in highpollution locations (such as ZIO and ERD), branching of data along η lines is observed which is associated to coagulationaging growth. The contribution of small pollution particles is maximum in summer (Fig. 7) , when wet removal is practically absent and the accumulation of pollution is favoured.
Middle East
The sites located in the Arabian Peninsula (MUS, DHA, DHD, BHR, HMM and SVI) provide a relatively large amount of measurements thanks to stable weather conditions in this region. The United Arab Emirates and the Persian Gulf include strong regional desert dust sources of predominately coarse mode-size particles, as well as important fine mode pollution particle sources from petroleum extraction and processing facilities which are located on islands, seaplatforms and coastal regions of the Persian Gulf. Thus, as shown in Fig. 6 , the coastal sites in the northeastern part of the United Arab Emirates such as MUS, DHA and DHD, as well as BHR in the Persian Gulf, attain positive δα values during almost all year (∼0.2) which indicate the coexistence of two particle modes.
For the coastal sites of MUS (Fig. 5) , DHA, DHD and BHR, we observe desert dust with AOD maxima of 1.5, α<0.75 and δα≥0 that corresponds to η<40%. As opposite, small particles from petroleum industry emissions are associated to fine mode (α∼1.6 and δα∼−0.2) and AOD<0.7 corresponding to η>70% and R f ∼0.13 µm. The interaction of mineral dust and pollution is strong at these coastal sites. In the AdA space, this mixed region follows R f constant curves and is associated to η between 40 and 70% (see MUS in Fig. 5) . Additionally, and due to the proximity of these stations to the sea, an increase in AOD is linked to both coagulation-aging and hygroscopic-type increase in R f .
Conversely, at the inland desert sites, as HMM (Fig. 5) and SVI, desert dust is the main aerosol constituent, being associated with high AOD (>0.7 ranging up >2) mainly clustering in the coarse mode (α<0.75 and δα variable). This cluster corresponds to η<50%. HMM (∼125 km inland from the Gulf; Fig. 5 ) shows a contribution of small particles from industrial emissions that corresponds to η∼80% and R f ∼0.13 µm. This transport is consequence of regional sea and land breeze circulations in this area (Eck et al., 2008) which produce occasional increases of fine mode particles from offshore petroleum operations. This fine mode presents a growth of AOD and coarse mode fraction along the constants R f curves. Otherwise, SVI is located in the middle of the Arabian Peninsula, near to At Riyad (the capital of Saudi Arabia and its largest city) and far away from the Persian Gulf or other industrialized areas. SVI presents its highest extinctions (AOD>1) in the coarse mode region (α<0.75 and δα<0.1) which presents an expanded particle size range suggesting significant variations in the particle size-distribution. It ranges from almost pure coarsemode dust particles (associated to α<0.3 and η<30%) to a mixture of coarse particles and fine-mode pollution aerosols (η<70%) caused by anthropogenic activities in the region (Kaskaoutis et al., 2007) .
As shown in Fig. 7 , the contribution of large particles is maximum in spring and summer. In spring, all sites present similar AODs and α values (Fig. 6) . It is associated to maximum desert dust local activity (Smirnov et al., 2002b; Eck et al., 2005; Kim et al., 2007; Kaskaoutis et al., 2007) . On the contrary, in summer, MUS, DHA, DHD and HMM show higher AODs than BHR and SVI coinciding with a general increase of α values (Fig. 6) . In this season, the southwest monsoon introduces a northwesterly flow over the Arabian Peninsula bringing extremely dry and dust-loaded air from the Iraq and Southern Iran deserts (Liu et al., 2000) . In addition to long range transport, regional sea-land breeze circulations cause both, a regional transport of polluted and humid air masses from Persian Gulf to inland regions, and a dust transport from these regions towards the coast and the Gulf (Eck et al., 2008 ) favouring a mixing of desert dust and fine pollution aerosols.
Summary and conclusions
In the present work, we have provided an aerosol characterization (mainly focusing on the contribution of mineral particles) based on direct-sun observations of 39 AERONET stations which include at least an annual cycle within the 1994-2007 period. These stations are located in the region most affected by the presence of Saharan and Arabian desert dust: Northern Africa, Northeastern Atlantic, Mediterranean Basin and Middle East. In addition to large mineral particles, fine pollution aerosols, originated in industrialized countries surrounding the Mediterranean Sea and in the Persian Gulf, and biomass burning aerosols, produced in the Sahel and Southern European countries, are expected to dominate the atmospheric aerosol load in this region.
The method used to discriminate different aerosol types, introduced in Gobbi et al. (2007) , relies on the combined analysis of theÅngström exponent (α) and its spectral curvature, here represented by δα=α(440,675)-α(675,870). Plotting data in these coordinates was shown to allow for inference of aerosol fine mode size (R f ) and fractional contribution (η) to total AOD by means of reference points. It is also possible to separate the AOD increase due to finemode aerosol humidification and/or coagulation, from AOD growth due to the increase in coarse particles concentrations or cloud contamination.
In areas around the Sahara desert, mineral dust is found to be the main aerosol constituent, being associated with coarse mode particles corresponding to η<40%. Highest extinctions (AOD>4) are related to η<30% and R f ∼0.3 µm that we assumed as typical of pure Saharan dust particles. Superimposed to this coarse cluster, small particles associated to fine mode (α>1.5 and δα∼−0.3), that corresponds to η∼70% and R f ∼0.13 µm, are also observed. In southern sites, in the Sahel region, this fine contribution is limited to winter and it is originated by biomass burning, meanwhile, at northern latitudes, the fine cluster is most important and is linked to the local or regional urban-industrial emissions. Frequently, the interaction of large mineral particles and small aerosols results in well-mixed particles associated to δα>0. Eastern Tropical and sub-Tropical North Atlantic sites located in the outflow of Saharan dust from West Africa present similar behaviour to the continental stations located at the same latitudes, characterized by a large mineral dust fraction from spring to autumn.
In spite of the Iberian Peninsula sites showing frequent background conditions associated to low AOD values (<0.15), high extinctions (AOD>1) are associated to large particles with α<0.6 and δα∼0 that correspond to η<30%, with a marked South-to-North gradient. This is linked to frequent African dust plumes affecting this area mainly in early-spring and summer. Additionally, a second cluster associated to α>1.5 and δα<−0.2 that correspond to η∼80% and R f ∼0.13 µm can be related to polluted European continental air masses.
The highest polluted sites in the Central-Eastern Mediterranean show measurements clustering in the fine mode (α>1.5 and δα∼−0.3) that corresponds to η>70% and R f ∼0.13 µm. In this case, the AOD increase is linked to both coagulation-aging and hydration type increase in R f . Furthermore, a North-to-South AOD gradient, related to coarse mode (α<0.75 and δα variable), that corresponds to η<40%, is associated to seasonal dust export. In general, the maximum dust activity appears in spring and summer over the whole Mediterranean Basin. In wintertime, the high contribution of aerosols associated to lower AOD values (<0.15) indicates significant contributions from maritime aerosols compared to dust. However, some few dust outbreaks can also take place in this season. In general, desert dust appears well-mixed with other types of particles like fine pollution aerosols. They are associated to AOD<1, but in some intense Saharan outbreaks (with δα∼0) can reach AOD values of 2. The long-range transport of these dust particles usually occurs at higher altitudes (above 1500 m a.s.l), whereas, urban-industrial and maritime aerosols concentrate at lower altitudes.
In the Middle East, all sites show high extinctions (AOD up to 3) mainly clustering in the coarse mode, that corresponds to η<50%. These extinctions are lower than those observed at the African sites. In coastal sites of the Persian Gulf, fine-mode aerosols (α>1.6 and δα∼−0.3) largely produced by the oil industry, are observed. They are associated to η>70% and R f ∼0.13 µm. The AOD increase is linked to both coagulation-aging and hydration-type increase in R f due to very humid conditions in the Gulf. This variability of atmospheric particles type in conjunction with highly variable regional meteorology, results in a high variety of conditions in this region: some days are dominated by large particle desert dust, while others by fine pollution particles. However most of the days are characterized by a mixture of these two aerosol types.
Finally, this study confirms the robustness of the method of Gobbi et al. (2007) based on direct-sun measurements (more frequent and accurate than sky measurements) to track and characterize mixtures of pollution aerosol and mineral dust. We have also found that in the dataset we analysed δα<0 values can be related to a dominant single mode fraction, independently whether it corresponds to fine (high α) or to coarse (low α) aerosols.
